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Algotecture of visual cortex

A. B. Watson®
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Introduction

Our knowledge of the primary visual pathway is
voluminous bul fragmentary, We know a great deal
about the behavior of cells in the major waystations of
this pathway - the retina, lateral geniculale nucleus
(LGN, and striate cortex - but know rather little abost
how they function together to process the visual
image. At cach level, we know about various classes of
cells, and about the spatial, temporal, and chromatic
aspects of their receptive fields. But we know rather
little about how cells at one level converge upon those
at the next, and we know still less about the function of
these receptive fickds, and why particular receplive
fields are emploved at cach level, Ananswer to these
questions constitules a theory of the algorithmic archi-
tecture (wlvotecinre) of the visual pathways. This theory
must address dala from many sources, and must
adhere to numerous mathematical corstraints. In
what follows, [ will enumerate some of the considera-
tions that must guide the attack upon this fundamen-
tal preblem in vision and brain science, 1 will then
sketeh the beginnings of a candidate theory for one
part of cortex. The theory raises as many questions as
it answers, but that is not necessarily a bad thing, and
al least it provides a concrete hypothesis that can be
tested, maodified, or replaced by a better theory.

I will restrict my focus to one portion of the
visual pathway: the vriented simple cells of primate
striate cortex. This system, while much less than the
whole  primary  visual pathway, is nonetheless
immense and fundamental. 1t conlains a substantial
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fraction of the visual cortex, and is the destination of
the majorily of cells in both retina and LGN, Ttis the
putative basis of detailed form vision. 11 we could
understand it, we would understand much of carly
visual processing. While my focus is on the cortex, a
specific theme of this chapter is that cortical structure
and function cannot be understoed without reference
{o the structure and function of its tributaries, notable
retina and LGN, so that some discussion of their
properties is essential.

In pondering the striate cortex, one cannot help
but be struck by the orderly, almost crystalline archi-
tecture, by the laminar and columnar organization,
and by the propertics of orientation and frequency
tuning that are the hallmark of so many receplive
fields, I is clearly an intricate analytical engine, but
what does il compute, and how?

Constraints

The constraints that must guide a theory of visual
cortex may be organized into the following categories:
functional, mathematical, perceptual, physiological,
and anatomical. Each category is reviewed bricfly
below. These reviews are partial and arguable,

Functional constraints
Functional constraints address the question of why
the visual corlex does what it does. A most fundamen-
tal function of the corlex is to represent the visual
image, to provide a ‘sensorium” that subsequent visual
processes may query (Koenderink & van oorn,
1987). We may therefore think of the responses of cells
of the cortex as providing a code of the visual image. It
is important that the representation be complete, in
the sense of not neglecting any mformation presentin
the image, at least within its chosen "window of
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visibility” (Walson, Ahumada & VFarrell, 1986). [t has
also been argued that an important function of the
cortical code is o decorrelate individual elements of
the code (Buchsbawm, 1987; Field, 1987; Laughlin, this
volume). In the retina, signals from  neighboring
receptors are highly correlated and hence redundant,
while in the cortex, through the consteuction of more
claborale receptive fields, there is an opportunity 1o
produce cells whose responses are much more nearly
independent. This is one aspect of coding efficiency,
which we may take as another general functional goal
of cortex. Another nolable feature of visual cortex is
heterogeneity: individual cells differ widely in their
receptive field size, shape, and chromaltic properties.
The functional goal here may be to provide mulliple
representations of the image suited Lo various tasks. A
specific example is the existence of many sizes of
alherwise similar receptive ficlds, which may permit
scale-invariant  analysis  of  the image. Multiple
representations may also aid in the segregation of
regions within the image by common atiributes, such
as spatial lrequency, orientation, bandwidth, and
color and motion (Barlow, 1983}, Linally, it is often
argued that the cortical code must provide clements
that are convenient for subsequent processing. An
example is Koenderink's discussion of geometrical
measures  compuled by cortical
(Koenderink & van Doorn, 1957).

receptive  fields

Mathematical constraints
Mathemalics cannol diclate physiology, butb it can
ensure Lhat our theory is sensible and consistent.
Furthermore, there is a rich mathematical literature on
subjects such as coding, signal processing, and image
processing that are of great value in understanding
the cortex. Several  principles  in o particular  are
fundamental.

The first principle is thal since cortical informa-
tion is represented in cell activity, the representation
of visual information must be discrete. Fach cell holds
a sgmple of the visual image, and the receptive field
defines the nature of that sample. The sampling pro-
cess operales over all the dimensions of the input,
including spalial, temporal, and chromaltic. Sampling
theory describes which collections of samples suffice
to caplure the information in a signal (Shannon, 194%;
Jerri, 1977; Dudgeon & Moersereau, 1984). Sampling
theory must be the foundation of any theory of the
representation of visual information in cell activity
(Hughes, 1981; Crick, Marr & Poggio, 1981; Sakitt &
Barlow, 1942; Yellott, 1982, 1983; Robson, 1983; Wat-
son, 1983, 1987a,b; Williams, 1985; Geisler &
Hamilton, 1986; Maloney & Wandell, 1986; Ahumada

& Poirson, 1987). Since spatial imagery is two-dimen-
sional, both the spatial receptive fields and sampling
rules must be specified in two dimensions.

in the preceding section I noted the desirability
of a complete representation. Sampling theory is one
means of ensuring a complete representation. A
closely related bul somewhat different approach is
exemplified in the theory of coding and reconstruction
of images (Chellappa & Sawchuck, 1985). One simple
principle from this field is that a complete represen-
tation must have a reconstruction algorithm, by which
one compules the image from the code. Thus we
would like to understand al least in principle, how to
get back to the image from the cortical code.

I'wo different codes may be complete, yet differ
in efficiency. Efficicncy may be quantified in various
ways, for example in terms of the number of cocf-
ficients {receptive fields), or in lerms of the total
entropy of the code (Watson, 1987b), or by yel other
code statistics (Iield, 1987). The cfficiency of a code is
closely related to the redundancy among coefficients
discussed above. In any case, an undersianding of the
mathematical principles of coding efficiency is likely to
enhance our understanding of the visual code.

I have alrcady mentioned one intriguing aspect
of visual cortex, namely the existence of multiple sizes
and orientations of otherwise similar receptive fields.
This feature is also found in image codes that have a
pyramid structure, so-called because at cach level the
number of samples declines exponentially (Tanimoto
& Pavlidis, 1975; Burt & Adelson, 1983; Woods &
O'Neil, 1986; Watson, 1986, 1987a,b). These codes,
also described as ‘nwldti-resolution’, or ’“sub-band’,
employ kernels {receptive ficlds) that are self-similar
{(identical but for a change of scale or orientation),
Since the brain appears to use pyramid coding, the
principles that underlic these codes may prove helpful
in underslanding the cortical code.

Perceptual constraints
In the perceptual category, without meaning to dis-
parage psychophysics, Thave only one item: percepl el
completeness. Harlier D said the code must be complete.
But it must be complete only up te the perceptual
capacily of the observer — it may lose whatever infor-
mation the human loses. Psychophysics show us what
information is retained and what is lost (Walson,
Ahumada & larrell, 1986). The goal is to construct a
code that is as complete as the human or primate
observer,

As an illustration, Big. 35 1A is an image
represented by 256% pixels, each of 24 bils. Flsewhere
have described a code modeled on visual cortex which
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A 24 BITS/PIXEL

Fig, 33.1, A, Anamage coded at 24 bits/pixel. B The same unage, reconstrocted froom a code of 085 bikspimel.

emplovs achromatic oriented irequency luned cells
and chramatic low resolution non-aricnted eclls (Wat.
son, 1967a. bl The resulting code {for this image uses
less than 1 bitpixel, and hence discards masses of
information. But as the reconstruction in Fig. 3518
illustrates, it is nevertheless  perceplually  almast
complele.

One difficulty with applying perceptual con-
straints lo a theory of visual cortex is that we rarely are
able to locate with any precision the anatomical sile at
which perceptual judgements are made, or more pre-
cisely, at which visual information i lost, Meverthe-
less some general statements can be made. For
example, il the physiological pathway under con-
sideration is argued to be the site Tor high-resolution
spatial vision, then it should manifest the general
limitations of that capacity, in terms of the contrast
sensitivity funclion and the like.

Physiological constraints
This large category primarily describes properties of
the receplive liclds of simple cortical cells. Space does
not permit a detailed review, and 1 will highlight only
what seem to me the most critical points, xcellent
reviews  are  available  elsewhere  (Lennie,  14950;
Shapley & Lennie, 1983).

Oriented, Tocal, freguency-tened  receptive folds, The
fundamental work of Hubel and Wiesel (reviewed in

B 0.85 BITS/PIXEL

Hubel & Wiesel, 1977) and subsequent cbservations
by others (Movshon ebal_, 1978a,b; De Valois, Albrecht
d Thorell, 1982; T Valois, Yund & Hepler, 1952;
Schiller ¢t al,, 1976; Foster ¢t al,, 1985) has shown that
most cortical simple receptive felds consist of 4 small
mumber of parallel elomgated regions of alternating
excilation and inhibilion. As a consequence, they are
refatively compact in space, spatial frequency, and
orientation: cach cell responds over a limited region of
space and o a limiled band of spatial (requency and
orientation. {The latter two restriclions may be des-
cribed jointly as a compactness in two-dimensianal
spatial frequency.) To ensure completeness, there
must be many cells, tuned to different  spatial
frequencies, arientalions, and localions. Together the
callection of cells must cover the visible regions of
space, spatial frequency, and arientation, This dis-
tribution of cell properties has in fact been observed
(The Valois, Albrecht & Thorell, 1982; De Valois, Yund
d Hepler, 1982),

Fregquency and orientation bowdwidths. Within a simple
receptive ficld, the extent in space (size] and in
frequency {handwidth) are inversely related, The
median frequency bandwidth is about 1.5 octaves {De
Valois, Albrechl & Thoeell, 1952 Foster et al., 1985
Hawken & Parker, 19873, The median orientalion
bandwidth estimate is about #) degrees (e Valois,
Yund & Hepler, 1982},
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Heterogeneity,  Animportant property of the popula-
tion of cortical receplive fields is heterogeneity. This is
perhaps best illustrated by the distributions of
frequency and orientation bandwidth. The medians
are cited above, but the distributions are broad and
relatively shallow. A comprehensive theory must
account for these ranges.

Bandwidth ws. peak frequency.  In spite of the broad
range of frequency bandwidths, we can nevertheless
consider Lthe covariation of peak frequency and band-
width. Two simple cases are possible. If receptive
ficlds were of constant size in degrees, then octave
bandwidth would be inversely related to peak
frequency. If receptive ficlds were a constant number
of cycles of the underlying modulation (constant num-
ber of barg), then octave bandwidth would be con-
stant, and independent of peak frequency. Available
evidence indicates thatl neither result is strictly true,
Median  bandwidih  declines  slightly - with  peak
frequency, but is much nearer to the constant octave
hypothesis (De Valois, Albrecht & Thorell, 1982).

Phase.  There is some evidenee that cortical receptive
fields exist in quadrature pairs, that is, that their
spatial phases are 90° apart (Pollen & Ronaer, 1981),
Examples might be receptive fields with even and odd
symmelry (07 and 90° phases, or so-called bar-detec-
tors and cdge-detectors), but current evidence sug;-
gests that such canonical phases are not the rute (Field
& Tolhurst, 1986).

Aspect ratio. Another quantitative measure of recep-
tive field shape is the aspect ratio, which describes the
ratio of receplive field length (along the axis of orien-
Lation) to width. In lincar cells, this is inversely related
lo the ratio of frequency and orientation bandwidth.
lior a cell whose two-dimensional frequency supportis
circular, the aspect ratio is 1, Estimates vary from cell
to cell, with no consensus on a mean value different
from 1 (De Valois, Albrecht & Fhorell, 1982; Daugman,
1985; Websler & De Valois, 1985).

Linearity. Typically about half of the cells recorded in
V1 in primate can be classified as “simple’ (Hubel &
Wiesel, 1968; De Valois, Albrecht & Thorell, 1982;
Hawken & 'arker, 1987). These cells may exhibil
oulput non-lincarities, but show approximately linear
spatial summation, and thus presumably receive
input from linear X-like cells of the geniculate and
retina. Thus the convergence of retinal and geniculate
cells on the simple cortical cell may be maodelled by
purely lincar operations.

Coefor.  While still a matter of some debate, it appears
that the majority of simple oriented V1 cells in primate
are achromatic (Lennie, personal communication). In
spite of the fact thatl they receive input from color
opponent geniculate cells, they show little evidence of
chromatic opponency.

Sensilivity and noise. A number of schemes exist for
quantifying the sensitivity of visual cells (Enroth-
Cugell et al., 1983; Kaplan & Shapley, 1986), somc of
which take into account the noise in the cell’s response
(Derrington & Lennie, 1984; Hawken & Parker, 1984).
We define sensitivity as the inverse of the signal
contrast which produces a response greater than one
standard deviation of the noise on 50% of the trials.
This corresponds directly to a signal/moise or d°
measure (Green & Swets, 1966).

Kaplan & Shapley {1982) observed that peak
sensitivities of parvocellular LGN cells were in general
much lower than magnocellular cells. Derrington &
Lennie (1984) indicate peak parvocellular sensitivities
of around 20. Hawken & Parker (1984) have measured
sensitivity of cells in layer 4 of primate cortex. They
found a wide range of values (from about 1 Lo about
200). Within sublaminae receiving direct parvocellular
input {IVa and IVcf}) sensitivitics were generally lower
{between about 1 and 60). As I shall show, specific
schemes for the construction of cortical receptive fields
from geniculate inputs must accommodate  these
estimates of sensitivitly.

Anatomical constraints

Recent years have seen a profusion of resulls on the
anatomical structure of the striate cortex (reviewed in
Hubel & Wiesel, 1977; Gilbert, 1983; Livingstone &
Hubel, 1984) and of its tribularies in the retina and
LGN (Slerling, 1983; Hendrickson, Wilson & Ogren,
1978; Perry, Ochler & Cowey, 1984). Here again [ can
only highlight the small fraction of this literature that
scems fundamental or particularly germane.

Retingl and geniculate inputs.  Primate striate corlex
receives all of its visual input from the LGN, which in
turn is driven by retinal ganglion cells. Thus cortical
cell receptive fields must be constructed from LGN
receptive fields, which must in turn be constructed
from ganglion cell receptive fields.

The most numerous of the various ganglion cell
lypes in the primate retina are the X-type, which show
high spatial resolution and lincar responses (De
Manasterio, 1978; Kaplan & Shapley, 1986). X recep-
tive fields consist of antagonistic center and surround
regions, and can be modelled as the difference of two



radially-symmelric Gaussians. Receptive field size
increases with cccentricily, and only one size appoears
to exist at a given eccentricity (Perty & Cowey, 1981,
1985).

The primate LGN is divided into six lamina. 'The
two dorsal layers contain magnocellular cells, and the
four ventral layers contain parvocellular cells {Hubel &
Wicsel, 1972). We confine our attention to the parvo-
cellular cells, which are highly lincar, have high spa-
tial resolution, and relatively low peak sensitivity
{Blakemore & Vital-Durand, 1981; Kaplan & Shapley,
1982; Derrington & Jennie, 1984). Their receplive
ficlds also have a center-surround receptive field, may
also be modelled as a difference-of-Caussian (IDOG),
and are in general difficult to distinguish from those of
X-type retinal cells (So & Shapley, 1981; Derrington &
Lennie, 1984}, Parvecellular geniculates appear to be
driven by retinal X cells with highly similar receptive
fields (Kaplan & Shapley, 1986).

Most of the cells in the parvocellular layers of the
LGN are chromatically and spatially opponent, most
frequently with a red center and green surround, or
green  center and  red surround  (Derringlon,
Krauskopl & Lennie, 1984).

Parvocellular geniculate afferents terminate in
layers IVa and IVefi of the primate corlex (Hubel &
Wicsel, 1972; Hendrickson ef af., 1978; Blasdel & Lund,
1983). Howevoer, in view of intracortical connectlions,
we cannol say with certainty which layers, if any,
receive exclusively parvocellularinput (Gilbert, 1983).

Hexagonnl input fottice.  Since the parvocellular LGN
appears o provide a transparent conduil between
retina and cortex, we can consider the ‘parvocellular’
retinal cells (Kaplan & Shapley, 1986) as providing
inpul to the cortex. In this Jight it is interesting to
observe that the foveal receptor lattice is nearly hex-
agonal (Hirsch & Miller, 1987). Furthermore, available
evidence suggests that in the foveal region, cach
ganglion cell conter receives input from a single cone
{Boycoll & Dowling, 1969). This means thal the
ganglion cell R centers also form a hexagonal lattice,
and if the geniculate cells are likewise malched one-to-
one with ganglion cells, then they too have a hex-
agonal sample lattice. The cells of the cortex must be
consiructed from this hexagonal array of retinal
ganglion cell samples.

Cortical magnification.  While the mapping between
retina and cortex is topographic, the amount of cortex
devoled to cach retinal arca declines with eceentricity,
This relationship may be quantified by the corlical
magnification faclor, describing the lincar mm of cor-
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tex devoted to a degree of visual field (Daniel &
Whitteridge, 1961). A recent eslimale in macaque is
about 1520 mm/deg for the fovea, with peripheral
vitlues about 10 times the inverse of eceentricity (Van
Essen ef al., 1984). The magnification of the fovea
relative to periphery is much greater in cortex than in
either retina or LGN, so the spatial transformations
among these layers cannot be spatially homogencous
(Perry & Cowey, 1985).

Hypercolumns. Arca V1 s organized into hyper-
columns of approximately 4 mm? (Hubel & Wicsel,
1977). Hach hypercolumn is believed to perform a
complete analysis of a local region of the visual ficld.
Cells with the same ocular dominance tend to lie in
parallel slabs orthogonal to the cortical surface, Cells
with a common orientation preference also form slabs,
or perhaps  whirls, which interscet the ocular
dominance columns. A hypercolumn consists of a
portion of cortex with both ocular dominance columns
and a complete set of orientation columns. At the
center of cach ocular dominance column ‘blobs” of
non-oriented cells have been found in layers 2 and 3,
many of which are color selective (Livingstone &
Hubel, 1984). Electrode penetrations tangential to the
cortical surface often reveal a progressive change in
receptive field orientation with penetration depth,
covering 360° of orientation in approximately 1 mm of
cortex (Hubel & Wicesel, 1977; Livingstone & Hubel,
1984).

Laminar structure.  'The striate cortex consists of a
number of anatomically distinctl layers. There is as yet
no clear picture of the funclional aspects of cells in
cach layer, but evidence on this matter is accumulating
rapidly (Gilbert, 1983; Livingstone & lHubel, 1984;
Hawken & Parker, 1984). Models of striale cortex
should acknowledge the laminar structure and furc-
tional differences among lamina, and ultimately pro-
vide @ functional explanation for the lamination,

Ouersampling. While we have carlier pointed Lo effi-
cieney as a plausible goal of the cortical code, and have
noted that this may translate into a minimum number
of cells, we must acknowledge that the striate cortex
effects an enormous multiplication in the number of
cells, relative to the number of retinal ganglion cells.
This multiplication factor may be as high as 1000
(Barlow, 1983). Since the number of ganglion cells
absolutely limits the degrees of freedom of the incom-
ing signal, the cortex clearly does not seek to minimize
its total number of cells. However, we have already
noted the heterogeneily of visual cortex, and it is
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plausible that this multiplicity of cells reflects a multi-
plicity of codes, rather than an incfficiency inany orie.
The laminar structure itself suggests a multiplicity of
cell types and perhaps codes,

Retinal disorder.  liarlier 1 noted that the retina may
impose its hexagomal structure on the cortex, and in
this light it is worth noling that the receptor lattice
becomes progressively more disordered with cecentri-
city {Hirsch & Milier, 1987; Ahumada & TPoirson,
1987). This disorder may give rise to some of the
heterogenceity at the cortical level, but must al any rate
be laken into account in a description of the mapping
from retina to corlex.

Receptive field models

There have been attempts to describe detailed recep-
tive field shape with mathematical models. Marr &
Hildreth have proposed W26, the Laplacian of a Gaus-
sian (Marr & Hildreth, 1980). This is inadequate
because it lacks orientation tuning. Young (1985) and
Koenderink & van Doorn (1987) have proposed Dy,
the successive derivatives of a Gaussian. This is prob-
lematic because it prediets a constant lincar band-
width, and because it has no plausible extension into
two dimensions. The Gabor function, the product of a
Gaussian and a sinuseid, fits simple cell receptive
ficlds well in many respects (Marcelja, 1980; Marcelja
& Bishop, 1982; Webster & De Valois, 1985; Daugman,
1985; Field & Tolhurst, 1986). But detailed com-
parisons with empirical tuning functions show that
the Gabor has teo much sensitivity at low frequencies
{(Hawken & Parker, 1987). Put another way, the Gabor
is highly asymmetrical in log-log  coordinales,
whereas actual tuning profiles are more nearly
symmelrical. As an alternative Hawken & Parker
have proposed the difference-of-separated-DOGs
(d-DOG-sy model, describing the one-dimensional
receptive field profile as the sum of 3 DOGs, a large
positive central one flanked by two smaller negative
ones, The fits of this model are generally much better
than a Gabor, and are guite good everall, The objec-
tions to this model are, first, that it requires nine
parameters to get this good fit. Second, it is not
specified in the second spatial dimension, which
would require still more parameters.

The chexagon model

I turn now to a description of a new maodel, which
attempts to deal with many of the constraints I have
described. While many of these constraints guided the
design of this model, two were particularly influential.
The first was the simple fact that cortical cells must be

constructed from retinal inputs with DOG receplive
fields. The second was that foveal receptors form an
approximately hexagonal lattice. This means that X
ganglion cells, and parvocellular cells of the LGN,
must likewise have receptive fields forming a hex-
agonal lattice,

While the direct input to cortex is from the LGN,
this input is in turn derived from retinal ganglion cells.
Furthermore, there is as yet little evidence regarding
how geniculate cells alter the retinal signals. 1 will
therefore speak of the retinal ganglion cells as ‘inputs’
to the cortex. Accordingly, we begin with a retinal
parvocellular receptive field, which we model as a
DOG. The center Gaussian has a radius w, and the
surround Gaussian a radius guw. The center Gaussian
has volume %, and the surround Gaussian sx. Note that
when s is 0, the frequency response is low-pass, when
itis 1, the response is band-pass with no DC response,

The receptive fields arc arranged in a hexagonal
lattice with spacing k. The DOG center radius can be
expressed as a proportion of A,

w="rh (1

A value of r=1, illustrated in Fig. 35.2, provides
adequate sampling, and is in general agreement with
whal is known about the coverage factor of primate X
parvocellular geniculate cells (the ratio of cell density
to receptive field size) (Perey & Cowey, 1985).

In the remainder of this paper T will consider
cortical receptive fields constructed from linear com-

Fig, 35.2, Portion of a hexagonal lattice of ganglion
cells. The panglion cells are modelled by a difference-
of-Gaussians (DOG). Circles represent center
Gaussians at half height. In this example, the center
Gaussian radius is equal to center spacing,



Fig. 35.3. Simple chexagon kernel. The numbers are
weights assigned to each ganglion cell in the lattice of
Fig. 35.2.

binations of these hexagonally spaced DOG inputs,
Each receptive field is defined by the weights assigned
to each pointin the lattice. Twill call this set of weights,
and its topographic arrangement, a kersel. | will des-
cribe two schemes in which the kernels employ only a
point and its six neighbors in the lattice, which T will
call chexagons (cortical hexagon), The name is not to be
taken too seriously, but provides a useful shorthand.
In the discussion T will consider gencralizations to
other kernels that may employ larger numbers of
weighls.

Simple chexagon
Kernel. Qur first scheme consists of kernels using a
point and its six neighbors. We select weights such
that the resulting receptive fields will have no
response to uniform illumination (0 DC), will be orien-
ted, and will be band-pass in spatial frequency. A
particularly stimple arrangement is shown in Fig. 35.3.
In other words, we combine the signals from these
seven DOG receptive fields, weighting cach by the
value shown. Two more receptive ficlds can be con-
structed by rotating the kernel by angles of 60° and
1207, providing a set of three oriented receptive fields,
as shown in Fig, 35.4.

Figure 35.5 shows the 1D spectrum of one recep-
tive field, measured at optimal orientation. Also
shown are the spectrum of the underlying 1DOG, and
the spectrum of a Gabor function of the same peak
frequency and bandwidth. The 11> bandwidth of the
chexagon is about 1.6 octaves, near to the median
estimate for primate cortical cells. The chexagon spec-
trum is considerably narrower than the DOG spec-
trum, and in effect selects a slice, or sub-band of the
DOG spectrum, The chexagon bandshape is much
more nearly symmetrical (on log-log coordinates)
than the Gabor, and is therefore likely to provide a
much better fit to measured 1D spectra of cortical cells
(Hawken & Parker, 1987).
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Pooitirg. 1 have constructed a receptive field tuned to
a particular frequency band, and note that it is at the
upper end of the pass-band of the DOG spectrum, and
thus of the pass-band of the system as a whole. It is, in
other words, a high-frequency cell. Twill call these the
level 0 cells. Now we ask: where do we get the lower-
frequency cells? We cannot simply increase the
scparation between geniculate inputs A, as that will
produce severe undersampling and aliasing. Likewise
we cannot vary w, since retinal ganghon cell centers do
not vary in size al one eceentricity,

The solution is to create pooling units, through
linear combination of the original retinal inputs. There
arc various pooling kernels that might be used. For
simplicity, we consider a Gaussian function of dis-
tance from the central sample point. The pooling units
then have individual receptive fields that are the
convolution of a DOG and the Gaussian kernel. These
will resemble the original DOGs but will be somewhat
larger, depending on the size of the Gaussian. These
pooling units now provide the input to the next set of
kernels, which are identical to those at the previous
level except that they are enlarged by a factor of two. Tn
other words, the distance between weights in the
kernel is now 2h. These new kernels generate the
receptive fields of cells at level 1, The same procedure
may be repeated, successive applications yielding
larger and larger pooling units, and lower and lower
frequency cells.

Receptive fields and spectra. ligure 35.6 illustrates the
receptive fields, and their frequency spectra, at four
levels. ‘The figure also shows the spectra of the com-
ponents used to construct the receptive field: the
DOCG, the hexagonal kernel, and the pooling kernel.
The receptive field spectrum is the product of these
three spectra. The receptive fields have a shape that
roughly resembles cortical cells. The spectra are
smooth, band-pass, and oriented, and generally con-
sistent with what is known about 21D spectra of single
cortical cells (De Valois, Albrecht & Thorell, 1982 e
Valois, Yund & Hepler, 1982).

Sensitivity,  Larlier we noted that the sensitivily of a
cell may be expressed in signal/noise terms. Given a
signal/noise description of retinal ganglion celt sen-
sitivity, the sensitivily of the computed cortical recep-
tive field can be expressed in the same terms.
Specifically, assume that cach ganglion cell has iden-
tical independent Gaussian noise, and that no addi-
tional noise is introduced at geniculate or cortical
levels (this assumption can be relaxed in a more
elaborate formulation). Then the noise at the cortical
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Fig, 35,4, Beceptive felds of e simple chesagon
model The three orientations are produoced by

cell will have a varanee equal to the sum ol the
siuared kernel weights Hmes the relinal vartance, To
express sensitivities in signal/noise lerms, the kernel
musl be normalized, so that the sum of the squared
kernelweightsis | {the kernel has a unit norm), For the
higher vrder cells, this unit norm applics to the con-
volution of the poaling function and the chesagon
kernel.

Figure 35,7 shows the 10 spectra at four levels,
aswell as the spectrum of the retinal DOG, The curves
are correctly placed on the vertical axis. NMote that the
corlical sensilivily can be substantially above that of
the ganglion cells, because of spatial pooling, At each
level the spectra are similar in shape, but displaced
dowiwards on the frequency axis by approximale
factors of wo, The spectea have approximalely con-
stant log bandwidth, consistent with the data cited
catlier,

Subsampling. The centers of the keenels of the level O
cells are coincident with the centers of the retinal
inpuls, Since there are three orentations, there are
therefore three times as many of these level O cells as
there are retinal inpuats, The size of the pooling Gaus-
sian may be chosen so as o permit subsampling at
each level without substantial alissing. By subsam-
[hing we mean the construction of receplive fields ata
subset of the locations in the inpul sample lattice, As
an example, we consider subsampling by o Factor of
Fwor in each dimension at each level, The distance
between receptive tield centers at level iis then B2
This results ina total number of cortical cells equal to
four times the number of retinal inputs. The various
levels of cells together form o pyramid structure as
discussed above, Figure 35,8 illustrates several levels
of this pyramid.,

rotating the kernel of weights by F, 60F, and 1200,

The dimensions of vach imape are 8., Pavameters are
re], p=n, 8=0.5,

10!

Spatial Frequency

Fig. 35.5. 1D spectrm of the chexagon receplive leld
at optimal orientation, Also shown ane the spectenm
of the retinal DOC receptivee field and ol o Galor
function of similar frequency and log bandwidtl,
farameters are d o 15, A=105, 0= 115, = 3, 50 10,95,
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Figg. 35.6. Receptive fields and frequency transforms for o levels of the simgle chesagon pyramid. Only the evaen
receplive eld at one orientation is shown, From left to right, the calummns show he specteum al the retinal inpuls
(O, the spectrum of kermel ol weighls, the spectrum of the pooling keenel, the spectrum of the corlical receplive
field, and the receptive feld. The fonrth calummn is epuial to the prodoet of the fest theee columins, and the last column
is the imverse Fourier transform of the foueth column, Rows Trom top to bottom showe levels Deom 0o 3, Theree is no
pooling kernel al level 0. Paramelers are v= 1, g o, 5 = 005, Dimensions of each imagge are adb,

I"UL"I Spedc I

Hyperchexagons, The process of generating larger atul
larger cells must stop somewhere, The number of
levels corresponds to what have elsewhere been called
channels, which have been estimated payvchophysi
ally ty number between three and cight (Wilson &
Bergen, 1979 Watson, 19821, At the lap al the
prramid, the receptive liehds will have a particular
size, Iis useful to be able o talk about all (e recekive

fields in the area oceupied by this largest receptive
field, so 1 will call them collectively a hgperchexaeon,
Bach hyperchexagon s ilsell o pyramid  which
analyees o sub-region of the visual field.

Effweiency. Although we do not demonstrate it here, it
i worth noting that the simple chexagon pyramid
provides a complele representalion of the image pro-
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Fig. 35.7.11) frequency spectra for four levels of Lthe
simple chexagon receptive field. The spectrum of the
retinal input O is also shown. Sensitivity is
expressed in signal/noise terms, Parameters are
w0, r= 1, g =6, s 0.5, Frequency is in units of
1/(2564).

vided by the inpul ganglion cells. In fact, as might be
suspected from the multiplication by four of the total
number of cells, the representation is redundant,
lsewhere we have noted that the cortex as a whole
greatly expands the number of cells, relative to the
retinal inpul. This over-representation may in part
serve W immunize the system against noise and loss of
cells, and so we should not necessarily expecta cortical
representation that is highly cfficient. Neverltheless, it
is worlh considering the form such an efficienl code
might take, i only to understand the redundancy
imposed by less efficient codes. This leads us to the
second form of chexagon pyramid.

Orthogonal chexagons
Kerneis.  In this case we have sought a set of kernels
that are band-pass and orjented as above, but that are

Fig. 35.8. Three levels of the simple chexagon
pyramid. The smallest circles represent receptive
field centers of retinal ganglion cells. The larger
circles represent pooling units. Only one chexagon is
shown at each level.

Low-pass

Fig. 35.9. Orthogonal chexagon kernels. The oblique
lines indicate one axis of symmetry for the high-pass
kernels.

also orthogonal, and that form odd-cven (quadrature)
pairs. One consequence of orthogonality is that the
number of cells constructed is equal to the number of
input cells, hence the code is maximally efficient in this
sense. The orthogonal code is complete, and thus
permits cxact reconstruction of the input samples,
In addition, reconstruction of the image employs
the same kernels used in coding, The derivation
of the kernels is described clsewhere (Watson &
Ahumada, 1987). The resulting kernel values are
shown in Fig. 35.9.

There are seven kernels, of which only three are
shown in Fig. 35.9. They are even, odd, and low-pass.
The four not shown are produced by rotations of even
and odd kernels by angles of 60° and 120°. The recep-
tive fields are shown in Fig, 35.10.
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Fig. 35.10. Receplive fiekls generated by orthoganal chexagon kemebs. From left to right they are: even, odd, and

lowe-pass, Dimensions of each image are 81,

Figg. 3511 Allernate form for the even kernel, with corresponding receptive field and [requency transfarm,

Alternate even kv, We define the orfentation of a
receplive field as the arientation of the peak of the
frequency spectrum, that is, the orientation of a
sinusoidal input al which the kernel gives the largest
response. An o interesting feature of the resulting
kernels is that while the axis of symmetry was fixed al
A the orientation of the even kernel is actually
orthogonal to this axis at 120° This places its orien-
tation axis on the hexagonal lattice, The constrainls
under which the kernels were derived (essentially
orthoncrmality, completeness, and quadrature pairs)
penerate another allernale solution for the even kernel
(Fig, 35, 11}

Calling the firsl solution type 0 and the second
type 1, the latler has an erientation of 30%, equal (o that
ol the odd receptive field, Thus if it is desired 1o have
quadrature pairs with equal orientation, the type 1
even kernel must be used. But as can be seen in Fig,
3511, the type 1 kernel suffers relative to the type (Hin
having substantially greater sensilivity al the non-
preforred orientation.

Pooting. Do this scheme, the pooling is done by the
lowe-pass kernel, The next level of the pyramid s
constructed from these pooling units. Because the
low-pass kernel is orthogonal 1o all six high-pass
kernels, the high-pass kernels at level 1will be orthog-
anal to the high-pass kernels at level 0 {since they are
linear combinalions of the low-pass kernel}, By exten-
sion of this argument, it is clear that all kernels in the
pyramid are orthogonal.

Recepfive fivlds and spectre, The kernels al each level
are sell-similar. The receptive field will be only
approximately self-similar, because while the kernels
scale in size at each level, the retinal DOG function
with which they are convolved remains fixed in size,
Figure 35,12 illustrates an even receptive feld and its
spectrum al four seales. The spectra are approximately
band-pass in frequency and orientation, with band-
widihs similar to those encountered physiologically.
Far this even filter, there is substantial sensitivity at 90°
to the preferred orientation. Such secondary peaks in
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Fig, 35,12 Receptive fields and Fregquency tranaforma Bee foe levels of e orthogonal chesagsan pyramid, Only the
evien type U receptive field at one orientation is shown. From left to rght, the calumns show the specteum of the retinal
inputs (60, the spectrom of the kernel of wegghts, the spectrum of the pooling kernel, e spectiam of the cortical
receptive feld, and the receplive fickd, The foueth column is equal to the prodoct of the fiest three columns, and e Lst
coluwmin is the inverse Fourier trangform ol the fearth cobumn, Rows from top o botiom show levels Drom Do 3 There
i ne pooling keenelat level 0 Parameters are ¢ = 1, =6, s = 08, Dimensions of each image ane 64

arienlation tuning are quite often found o cortical render this exact form of the filters less like cortical
cells, bul may not be a general feature (De Yalois, cells. However, only the ringing in the highest level
Yund & Hepler, 982), A closer look at a one-dimen- cell would be detectable in physiological measure-
sional cross-section through cach filter at the optimal menls, due o their limited precision, This ringing can
oricntation (Fig, 35.13) shows considerable ringing in be reduced tosome extent through judicious choioe of
the higher order filters. filter parameters, bulis an inherent property of these

Sinece the filters are arthogonal, this ereates no filters attributable to the small area and abrupt borders

problems [or coding or reconstruction, but does of the pooling region, Itis not evidenl in the previous
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Fig. 35.13. 1D frequency spectra for four levels of the
orthogonal chexagon receptive field. The spectrum of
the retinal input DOG is also shown. Sensitivity is
expressed in signal/noise terms. Parameters are
w=10,r 1, q--6,s=0.5. Frequency is in units of
1/2561).

scheme (Fig. 35.5) because there pooling employs a
Gaussian extending over a larger area.

Subsampling,  Since the information in each hex-
agonal neighborhood of seven retinal inputs is com-
pletely captured in the seven corlical receptive fields
consiructed therefrom, there is no need for overlap of
adjacent kernels. We therefore tesselate the retinal
input lattice with hexagonal kernels, as illustrated in
Fig. 35.14. Because each kernel consumes exactly
seven inputs, the number (or density) of receptive
fields of a given type (e.g. odd at 60° will be one
seventh the number (or density) of retinal inputs. The
kernel centers form a new hexagonal lattice with a
sample distance of V7 k. The lattice is rolated by an
angle of tan '(V3/5)==19.1° relative to the retinal sam-
ple lattice, The kernels of level 1 are constructed from
this new lattice, using the low-pass cells of level 0.
Likewise at each successive level new kernels are
constructed from the low-pass units at the previous
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Fig. 35.14. Construction of receptive ficlds at level 0.
Each point is the cenler of a retinal ganglion cell
receplive field. Lach hexagon shows a set of inputs
that arc combined to form the level 0 receplive fields.

stage, on a hexagonal lattice whose sample distance
increases by V7 at cach tevel, and which rotates by
14,17 at cach level. After # levels, there are o sizes
(spatial frequencies) of receptive field, and the total
number of receptive fields is equal to the number of
retinal inputs. The complete pyramid is illustrated in
Fig;. 35.15.

Discussion
In this section T will make some observations that
apply to all of the schemes described above.

Hypercolumns, o the first scheme, the radius of the
kernel increases by a factor of two at each level, so that
at level n it is A2". This defines the size of the hyper-
chexagon. For example, if n=4, (5 levels), and A=0.01°
(Hirsch & Miller, 1987), then a single hyperchexagon
has a radius of about 16 receptors or 0.16% Foveal
corlical magnification has been estimated in macaque
at between 5 and 13 mm/°, so that a single hyper-
column of radius 1T mm corresponds to about 0.11°
While the numbers used in this calculation are not
known with precision, and are further confused by the
change in scale with cccentricity, they nevertheless
suggest an identity between the hyperchexagon and
the bypercolumn. This in turn suggests a speculation
concerning, the topography of cells within a
hypercolumn,

Hypercolumn Architecture,  In the pyramid schemes
the number of cells per level is in proportion to the
pass-band of that level, many for high-frequency
levels, few forlow-frequency levels. Adding to this the
observation that the cortex is relatively homogencous
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lig. 35.15. Orthogonal chexagon pyramid. The level ()
kernels ave represented by the simallest hexagons,
The vertices of these smallest hexagons correspond to
centers of the retinal ganglion cell receptive fields
(and henee to receptars). Kernels at successive levels
correspond o larger and larger hexagons. The
vertices of each hexagon al each Ievel coincide with
the centers of the hexagons at the previous level. At
cach lovel, the kernels are applied to the low-pass
responses from the previous level. This hexagonal
fractal was cunstructed by first creating the largest
hexagon, Lhen placing at cach of its vertices a
hexagon rotaled by tan '(V3/5) =2 19.1° and scaled by
17, The same procedure is then applied to cach of
the smaller hexagons, down to a teeminating level of
5. The sample lattice (defined by Lhe verlices and
cenders of the smallest hexagons) is then a finite-
extent periodic sequence on a hexagonal sample
lattice, The sample lattice has 7° points, the same as a
rectangular lattice of 3437, The perimeter is a ‘Koch
curve’ with a fraclal dimension of log 3/log V7= 1.19
(Mandelbrot, 1983, p. 46). The program used to create
this image is given in Watson & Ahumada (1987).

in cell densily, we confront the problem of how to
arrange the cells within cach hypercolumn. A simple
solution is Lo arrange them as a replica of the spectrum
itself, as shown in Yig. 35.16. This would lead
naturally to the orientation columns found anatomi-
cally, as well as to the progressive changes in orien-
tation found along certain tangential electrode tracks.
This is speculative, of course, but amenable to test.

Pooling units. The pooling process described in the
above schemes is essential to generate narrowband

Fig. 35.16. Schematic of a possible arrangement of
frequency, orientation, and ocular dominance among
cortical hypercolumns. Each large hexagon encloses
one aeular dominance column. Each quadrilateral
region encloses cells with the same orientation and
spatial frequency. The orientation is indicated by the
arrows. Spatial frequency is lowest at the center of
cach hexagon, and increases centrifugally. The heavy
line encloses lwo ocular dominance columns forming
onie hypercolumn,

spectra for low-frequency cells, There are at least three
natural possibilitics for the sile at which this pooling
oceurs. First, Derrington & Lennie (1984) have found a
wide distribulion of center sizes for foveolar parvocel-
lular geniculate cells, While they suggest this may be
duc Lo measurement errors, it may reflect a pooling
operation within the geniculate. A sccond and
perhaps more likely possibility is that the pooling
units may be the various non-oriented cortical cells
such as those found in the cytochrome oxidase blobs at
the center of cach hypercolumn in layers 2 and 3
(Livingstone & Hubel, 1984), or the non-oriented cells
found in layers 4cfy (Hawken & Parker, 1984). A third
possibility is that the pooling may be at the level of the
oriented cell itself, although, for a low-frequency cell,
this calls for the convergence of very large numbers of
geniculate cells upon a single cortical cell.

Mudltiplexing of luminance and coler information. To this
point [ have spoken of retinal and geniculate inputs as
being of two types: on- and ofl-center. But Derrington
& Lennie have shown that the parvoceltular geniculate
cells are chromatically, as well as spatially opponent.
They are of two types. By far the more numerous are
R-G cells, in which center and surround receive
opposed contributions from R and G cones {red on-
center, red off-center, green on-center, green off-cen-
ter), Much rarer are B+{(R&G}), in which B cones, in
either center or surround, are opposed by some com-
bination of R and G cones in the other spatial region.
Furthermore, from the ratio of receptors to ganglion
cells it appears that foveal retinal ganglion cell centers



are driven by a single cone. Thus the lattice of inputs,
at least in the fovea, is presumably color opponent,
Since oriented cortical cells are generally found to have
negligible color epponency, we may ask how they are
constructed from these color opponent inputs.

The simplest answer is to combine spalially
coincident inputs of opposite center color before form-
ing the kernel. For example, if a retinal input in a
previous scheme was assigned a weight of 1, we now
assign weights of 1 to both a red on-center cell and a
coextensive green on-center cell. The resulling cortical
receptive field will have no color opponency. It has
been argued that retinal and geniculate cells multiplex
both tuminance and color information (Ingling &
Martinegs, 1983; Derrington, Krauskopf & Lennie,
1984). By combining chromatically opponent cells we
‘de-multiplex” the luminance information.

Al level 0 of the pyramid, this scheme is prob-
lematic, since it requires both R and G centers at cach
point in the initial hexagonal sample lattice. But as
noled above, for foveal ganglion cells there is
evidently only an R or a G eenter at cach point, but not
both. This is only a problem for the highest-frequency
cells (level 0), and it may be that withoul the
demultiplexing operation, chromatic abberation and
the quasi-random assignment of cone types Lo input
nodes renders these highest-frequency cells eifec-
tively achromatic.

Push—pull inpufs.  Assigning a positive weight te an
input may mean any of three things: excitatory input
from an on-center cell, inhibitory input from an off-
center cell, orboth. The last scheme has the advantage
of rejecting certain nonlinearities common to both on-
and off-center cells (Derringlon, this volume). It also
has the advantage of rejecting noise commaon to both
cells that arises distal to the image. In the present case,
use of push—pull inputs would mean that cach of the
seven nodes in the hexagon of inputs would receive
four spatially coextensive inputs: on- and ofl-centers
of both R and G types. Whether push -pull inputs arc
used in the construction of cortical cells is not yet
known, though they appear to be used in the retina
(Sterling, 1983).

Spatial inhomogeneity and disorder. The constructions
above are based on a hexagonal lattice with spacing &,
identified with the cone spacing. As noted above, in
the primate retina this spacing increases with distance
from the fovea (Hirsch & Miller, 1987; Perry & Cowey,
1985). There is also a general increase in the disorder of
the cone lattice, proceeding from foveal sections of
nearly perfect hexagonal packing to peripheral sec-
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tions with high disorder, There are several ways to
generalize the chexagon models to the case of an
inhomogencous, disordered retina. One is Lo establish
cortical connections with an ordered, homogencous
retina, and to preseeve these connections during a
process of retinal warping and perturbation. A second
is to apply the chexagon construction to the six nearest
neighbors, regardless of their precise locations, These
speculations are perhaps betler deferred until a clearer
picture of retinal and cortical development is available.

The chexagon constructions described above
gpecify a fixed convergence from receptors 1o ganglhion
cells, to geniculate, and to cortex. But it is known that
the ratio of numbers of these four cell types devoted to
a given retinal area vary considerably with cccentri-
city. Specifically, the ratio of cones to ganglion cells is
about | within 5 mm (about 20°) of the fovea, increas-
ing to 2or 3inthe far periphery (Perry & Cowoey, 1985),
Incontrast, the ratio of parvoceliular geniculate cells te
the PPy ganglion cells (anatomically  distinet cells
belicved 1o be the inpads o the parvocellular pathway
in the geniculate) is approximalely | throughout the
visual field (Perry & Cowey, 1985}, Finally, the ratio of
cortical cells Lo retinal cells is much highor in the fovea
than in the periphery. The corlex devotes about 35%,
of its cells to the central 10 degrees, while the retina
devotes only about 7%, These spatial variations in the
pattern of convergence are a chailenge for future
models.

Conclusions

[ have reviewed a number of the facts and principies
that must be observed by a theory of operation of
striate visual cortex. This list has necessarily been
fragmentary. | have presented a general scheme in
which oriented, band-pass cortical receptive ficlds are
constructed from hexagonal kernels of  weights
applied to retinal or geniculate inputs. Two specific
schemes were considered: one with greater physio-
logical plausibility, the other with greater mathemal-
ical elegance. We may hope that a future scheme will
combine both virtues. Both schemes are successful,
however, in producing the general features of cortical
processing, i parlicular band-pass receptive fields
with moderate bandwidths in frequency and orien-
tation. In the case of the orthogonal filters, quadrature
pairs are also produced. Both schemes are exciting in
thal they suggest a wealth of questions and experi-
ments, as well as refinements of the theery. A natural
direction for future development is to consider kernels
of more than seven inputs. This would allow greater
degrees of freedom in design of the receptive field,
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and hence a belter natch to physiological data.
Another rescarch direction s to consider how the
construction of chexagon receptive fields might be
manifest in the microcireuitry of the cortex (Gilbert,
1983).

It exploring this domain we frequently experi-
ence a tension between mathematical simplicity and
biological complexity., We are reminded of Nicls
Boht's dictum that “truth’ is the variable complemen-
Lary Lo “clarity”. [L may help to consider two possible
slates of nature. In one, the visual brain obeys some
simple architectural principle, and the variability and
imperfection we observe are merely developmental
perturbations. In this case, there is good reason o
search for the guiding principle. In the second casce,
cortical “structure” is a byproduct of some mindless
evolulionary and developmental process. But while
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